Magnetorheological fluid (MRF) damper is one of the most promising semiactive devices for vibration control. In this paper, a shearvalve mode MRF damper for pipeline vibration control is proposed. The dynamic model and the state equation of the pipeline are established and the linear quadratic regulator (LQR) is used to generate the optimal damping force of MRF damper. The design concept considering the structure and the electromagnetic properties simultaneously is discussed in detail. A mathematical model of the relation between shear stress and control current based on interpolation method is established. Finite element analysis (FEA) software COMSOL is selected to simulate the magnetic field and electromagnetism-thermal field of the MRF damper. A computational method based on the simulation model is established to calculate the shear stress. In order to reduce the magnetic leakage, a method of adding magnetism-insulators at both ends of the piston head is presented. The influence of control current, displacement, and velocity on mechanical performance of the proposed MRF damper is experimentally investigated. The test results show that the performance of the MRF damper is basically identical with the theoretical prospective and the simulation conclusions, which proves the correctness and feasibility of this design concept.
Introduction
Magnetorheological fluid (MRF) is a new kind of intelligent fluid that consists of microscale magnetic particles suspended in a carrier liquid such as oil, water, or glycol [1] . The rheological characteristics of MRF could be rapidly and reversibly altered when an external magnetic field is applied, making MRF an excellent working fluid for mechanical vibration damping and shock isolation devices [2] . The damper using MRF as working liquid has the advantages of low energy consumption, fast response, simple structure, adjustable damping force, and broad temperature range [3, 4] . MRF dampers based semiactive control systems could approach the effectiveness of an active control system without requiring heavy power supply. Moreover, even if the power failure occurs, it can still work as a passive damping device to prevent the system from damage, which makes the system have highintelligence and high-reliability [5] . With these advantages, MRF dampers have been widely investigated for such application as vibration and shock control, high-rise building antivibration, stay cable vibration control, vehicle suspension system, offshore platform structure vibration damping, seat suspensions, weapon recoil systems, precision machining, and crash worthiness systems [6, 7] . Similarly, by installing MRF dampers in pipeline system and applying vibration control strategy to adjust the damping force of MRF dampers according to the vibration characteristics of the pipeline, the pipeline vibration could be controlled, the fatigue fracture of the pipeline and loosening of the pipe joints could be suppressed, the fluid leakage in the pipeline could be prevented, and the pipeline system could be run more safely and stably. However, the MRF damper will convert mechanical vibration energy into heat energy during the working process. In addition, the electronic control system is an essential part of the MRF damping system. However the control current, control voltage, and power consumption MRF dampers are relatively low and will not produce high temperature or arc during operation [8] . But, for industrial applications such as oil, gas, and chemical industry, the MRF damper and its control circuit must be designed for explosion protection according to the requirements of the explosion-proof class [9] .
Shock and Vibration
In the presence of the magnetic field within a few milliseconds MRF could exchange to semisolid state of chain-like fibrous structure from free-flowing state and typically exhibit similar rheological behavior to Bingham fluid; besides, the transition is reversible [10] . Therefore, the attempts to determine the principal design parameters of the MRF dampers based on the Bingham model have been made by numerous researchers [11] . Although the rheological behavior of MRF actually exhibits some departures from the Bingham model and it is not sufficient to describe the MRF damper nonlinear behavior under dynamic loading, specifically the nonlinear force-velocity behavior, it has been proved that this simple model is very useful for the design and modeling of MRF based devices [12] . However, due the nonlinearity of the magnetic hysteresis characteristic of the damper structure materials and the MRF, the distribution of magnetic field in the MRF damper is not uniform, and the shear yield strength of MRF increases nonlinearly with an increase of the applied magnetic field; it is very difficult to solve the magnetic circuit of the MRF damper analytically [13] . In order to describe the nonlinear hysteresis dynamic behavior of MRF dampers, several dynamic models have been proposed, such as Bouc-Wen model and LuGre model [14] . However, these dynamic models are experiment based models. Thus, parameters of the models are derived based on experimental results of a real damper [15] . Therefore, in order to improve the performance of the MRF damper and to effectively control its damping force, it is necessary that the magnetization properties of the magnetic circuit are considered in the design phase [16, 17] . The finite element numerical simulation has become one of the effective ways to solve complex geophysical problems for scientific research and engineering computing [18, 19] . During finite element simulation (FES) the interconnections of fields are taken into account in the form of feedback in accordance with the results of the certain fields calculation, in which structural parameters, electromagnetic coil parameters, and material properties of the MRF damper could be analyzed [20, 21] .
In this paper, a double-ended and shear-valve mode MRF damper for pipeline vibration suppression is proposed. Firstly, the working principles of the MRF damper are introduced. The characteristic parameters of the MRF damper are emphatically discussed. The geometric parameters of the MRF damper are analytically determined considering the electromagnetic properties of the magnetic circuit. The mathematical model of the MRF damper is established using a Bingham plastic nonlinear fluid model and the function of the MRF damper is theoretically evaluated. Then, the finite element analysis is implemented with COMSOL 5.3, the magnetic field and the Joule heat generated by electromagnetic circuit of the MRF damper are analyzed, and the performance of the MRF damper is also studied. Finally, in order to validate the theoretical results predicted by the mathematical model and the simulation model, the prototype MRF damper is designed, fabricated, and tested. shown in Figure . Because the vibration direction of the pipeline is random, it is necessary for the MRF damper to have a high lateral load bearing capacity. For this reason, a double-ended and shear-valve mode MRF damper is proposed in this paper. The structure of the MRF damper is shown in Figures and .
Design and Analysis of the MRF Damper
As shown in Figure , the MRF damper is mainly composed of piston, electromagnetic coil, cylinder, and MRF. The internal magnetic field of the damper is excited by an electromagnetic coil wound around the middle of the piston yoke [22] . The winding part of the electromagnetic coil is the magnetic core. The magnetic flux generated by the exciting coil flows from the magnetic core to the damping gap (i.e., the annular gap between the piston and the cylinder) through the yoke flange. Then the magnetic flux flows into the cylinder wall through the damper gap and passes through the other side damping gap. Finally the magnetic flux flows back to the magnetic core, forming a closed magnetic circuit. This magnetic field changes the viscosity of MRF [23, 24] and, as a result, changes the force to push the piston through the MRF. As the current increases, the yield stress of the MRF increases, which causes more force to move the piston. Therefore, the damping force of the MRF damper could be controlled by adjusting the current applied to the exciting coil.
The total damping force could be decomposed into a controllable force due to the controllable yield stress , an uncontrollable force , and a friction [25, 26] . According to the parallel-plate Bingham model [27, 28] , the damping force of the MRF damper can be expressed as
where is the viscous stress, is the shear stress, is the dynamic viscosity of MRF, is the effective length of piston, is the effective area of piston, ℎ is the width of damping gap, is the mean diameter of damping gap [29] , and is the relative velocity of piston and cylinder.
Damping force and dynamic range are two important indicators of MRF dampers; not only high damping force but also high dynamic range is necessary for the damping force control in the field of vibration control. The dynamic range of MRF damper could be written as [30] = + +
where is the friction force.
Equations (1) and (2) show that the damping force and the dynamic range of the shear-valve mode MRF damper mainly depend on the structural parameters and the performance of the MRF. In order to achieve high damping force and high dynamic range, the mechanical structure of the damper should be reasonable, and the MRF with high shear yield strength and low dynamic viscosity should be selected [31] .
Magnetic Circuit Optimal Design of MRF Damper.
The target in the design of the magnetic circuit is to achieve the optimum magnetic flux density at the effective areas. In order to improve the performance and reduce the volume of the MRF damper, the structure and electromagnetic design should be considered simultaneously. It is observed from Figure that the magnetic circuit of the shear-valve mode MRF dampers mainly consists of magnetic core, piston yoke, cylinder wall, and the MRF in the damping gap [32] . In order to effectively supply the magnetic field to the MRF, any part of the magnetic circuit should not reach magnetic saturation before the MRF in the damping gap. Based on the magnetic flux conservation rule in closed magnetic circuit [33] and ignoring the magnetic flux leakage, then
where Φ 1 , Φ 2 , Φ 3 , and Φ 4 are the magnetic flux values in the respective locations, as shown in Figure . Corresponding expressions of magnetic flux in different locations are obtained based on the formulas of static magnetism.
where is the radius of the magnetic core, is the width of the yoke flange, ℎ is the depth of the slot, is the thickness of the cylinder wall, and , , and are the saturation magnetic induction intensities of the MRF, the piston yoke, and the cylinder wall.
From (3) to (7),
= √2 ( + ℎ ) From (4), (8), (9), and (10), it is observed that the volume of MRF dampers is largely dependent on the saturation magnetic induction intensity of the materials, especially the saturation magnetic induction intensity of the piston yoke and the cylinder wall. The magnetic field generation is a key for all MRF devices. Consider the magnetic circuit of the MRF damper structure shown in Figure , neglecting magnetic flux leakage. The magnetic circuit of the shear-valve mode MRF damper could be analyzed using the magnetic Kirchhoff 's law [34] .
where is the number of coil turns, is the current, Φ is the total magnetic flux, is the coil length, and , , and are the permeabilities of the MRF, the piston yoke, and the cylinder wall, respectively. , , and are the crosssectional areas of the piston yoke, the damping gap, and the cylinder wall. , , and are the magnetoresistance of the piston yoke, the MRF in the damping gap, and the cylinder wall.
According to the Gauss law of magnetic field, the magnetic flux at the damping gap could be expressed as
Since the permeabilities of the piston yoke and cylinder wall are far greater than that of the MRF, the magnetoresistance of the piston yoke and cylinder wall in (11) could be neglected.
From (11) and (12), the number of the coil turns could be expressed as
Configuration of MRF Damper.
For a general degree of freedom pipeline system, the controlled structural motion equation under environmental disturbance ( ) and control force ( ) could be expressed as
where ( ),̇( ), and̈( ) are displacement, velocity, and acceleration vector of the pipeline system, respectively. ,
, and are mass, damping, and stiffness matrices of the pipeline system, respectively. is the location matrix of MRF dampers, and is the disturbance matrix. In the state space representation, (14) can be expressed aṡ
in which
Linear quadratic regulator (LQR) control algorithm is one of the most widely used methods for active control design analysis. By analyzing the geometry model shown in Figure  which is described by (15) , the required damping force supplied by the MRF damper is derived by
where is positive semidefinite state weighting matrix and is the positive definite control input weighting matrix. The matrices and determine the relative importance of the error and the expenditure of this energy.
In this study, according to the pipeline vibration control demand, the maximum damping force and the dynamic range of the MRF damper are predetermined as 1400 N and 5, respectively. Based on the MRF damper structure shown in Figure , the material selection and material properties of the MRF damper are shown in Table . The magnetic properties of DT4C, Steel 45, and MRF2035 are shown in Figures , , and , respectively. The induced yield stress of the MRF2035 as a function of the applied magnetics induction intensity is shown in Figure . According to the characteristics of the materials and the specifications of the MRF damper, the parameters of the damper could be preliminarily determined as shown in Table . 
Shear Stress Prediction of MRF Damper.
From (13), it can be seen that when the numbers of coil turns and MRF are determined, the magnetic induction intensity of the damper is only determined by the current of the coil. The constitutive equation of magnetic medium for MRF is shown as follows:
where is the magnetic field intensity of MRF. From (13) and (18), the relationship between the current and the magnetic field intensity in the damping gap could be expressed as = 2ℎ (19) As the values of and ℎ in (19) could be found in Table , the magnetic field intensity in the MRF under different current could be calculated by (19) . The MRF is under the control of the magnetic field generated by the coil in MRF damper. The control current of the MRF damper is given by
According to (20) , (19) could be written as
Based on the characteristic curve of the MRF shown in Figure , the interpolating function of − relation of the MRF could be described as
With the − data of the MRF, as shown in Figure , the dynamic yield stress of the MRF in the damping gap could be described as From (1), the shear stress of the MRF damper could be calculated as follows:
The shear stress of the MRF damper could be obtained by solving (20) ∼ (24) in turn, and (22) and (23) are solved by cubic spline interpolation method. The relationship of current and shear stress of the MRF damper is shown in Figure . By applying the least-squares curve fitting method, the approximate polynomial curve of the shear stress is shown in Figure and 
As shown in Figure , the shear stress of the proposed MRF damper increases rapidly with the increasing current at lower currents; the growth rate of shear stress gradually slows down at higher currents as the damper starts to saturate. There is a nonlinear relationship between the shear stress and the control current of the MRF damper. Maxwell's equations could be written in differential or integral form, stating the relationships between the fundamental electromagnetic quantities [35] . The differential form is presented here because it leads to differential equations that the finite element method (FEM) could handle. For general time-varying fields, Maxwell's equations could be written as
Simulation Analysis of MRF Damper
where is the magnetic field intensity, is the electric current density, is the electric flux density, is the electric field intensity, is the magnetic flux density, and is the electric charge density. Another fundamental equation is the continuity equation:
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To obtain a closed system, the equations include constitutive relations that describe the macroscopic properties of the medium [36] . They are given as
where is the permittivity of material, is the permeability of material, and is the electrical conductivity of material. By combining the above equations, a closed system of equations could be formed, which could analyze and calculate the electromagnetic field. It constitutes the theoretical basis for the FEM to calculate the electromagnetic field.
Boundary and Physics Interface Conditions.
To get a full description of an electromagnetics problem, boundary conditions must be specified at material interfaces and physical boundaries [37] . At interfaces between two media, the boundary conditions could be expressed mathematically as
where is the outward normal from medium two, is the surface charge density, and is the surface current density. From these relationships, the interface condition is derived for the current density.
• ( − ) = − (30)
Electromagnetic Heat
Source. Due to the Joule heat effect, the energized electromagnetic coil would produce Joule heat. Joule heat was transmitted in the MRF damper and eventually radiated into the air through the piston rod, the cylinder, and the end covers of the damper. When the Joule heat of the MRF damper is equal to the heat dissipation, the temperature of the damper will remain unchanged. The coil temperature rise will change the physical properties of the MRF and the damping force and the dynamic range of the damper will also be affected. Although the influence of temperature on the damping force of MRF damper is not significant [38] , high temperature and the long time for MRF damper are very detrimental. The Joule heat could be expressed as
where is the electromagnetic heat source. When the piston of the MRF damper is stationary, the resistive heating in the heat equation is where is the density, is the heat capacity, is the temperature, and is the thermal conductivity.
MRF Damper Finite Element Modeling and Simulation

Magnetic Field Analysis of the MRF Damper.
For computational time reduction, the computational domain is reduced to a 2D axisymmetric model. Based on the structure of the magnetic circuit shown in Figure and the structural parameters in Table , a 2D axisymmetric geometric model of the MRF damper is established in COMSOL as shown in Figure . According to the magnetic properties of the materials shown in Figures , , and , the magnetic property of the materials is configured in the material interface of COMSOL software. The graph of the flux density distribution of the damper at different currents is shown in Figure . As shown in Figure , when the electromagnetic coil is energized, a closed magnetic circuit is formed in the MRF damper, and then the magnetic induction lines are evenly distributed. The magnetic flux density in the damper increases with the rising current. The distribution of magnetic induction lines and magnetic flux density in the damper are in accordance with the design expectations. Figure , it is easy to find that some of the magnetic induction lines enter the cylinder wall through other parts of the damper rather than the damping gap, which causes the magnetic induction intensity at the damping gap to be lower than the theoretical value. In order to avoid this phenomenon, a 2D axisymmetric geometric model of MRF damper with magnetism-insulators is established as shown in Figure . The magnetic field of the MRF damper with magnetisminsulators is shown in Figure . By comparing Figure with Figure , it could be found that the method of installing magnetism-insulators on both ends of the piston yoke could improve the distribution of the magnetic induction lines in the MRF damper. However, the improvement effect is not significant. The average magnetic induction intensity of the two structures in the damping gap is shown in Figure . As shown in Figure , when the current is 4 A, the magnetic induction intensity of the damper with magnetisminsulators is just 0.04 T higher, which means that the utilization of the magnetic field could not be effectively increased by installing magnetism-insulators on both ends of the piston yoke.
Magnetic Field Analysis of the MRF Damper with Magnetism-Insulators. As can be seen from
Damping Force Analysis.
From (1), it can be seen that the viscous stress and shear stress of the MRF damper are enhanced with the increase of the flange width. As the magnetism-insulators change the width of the flange and the distribution of the magnetic field, the performance of the damper will also be changed. Because of the different magnetic permeability of the magnetism-insulators and the flange, the distribution of magnetic field in the damping gap is not uniform. Therefore, (1) is not suitable for calculating the shear stress of the MRF damper with magnetism-insulators. In addition, when (1) is used to calculate the shear stress of the MRF damper, the magnetic properties of the material and the magnetic flux leakage could not be fully considered. However, by using the software based on the FEM, almost all the factors that affect the damping force of the MRF damper could be considered, which could avoid the neglect and approximation problems in numerical calculation. 
where is the magnetic induction intensity in the damping gap.
From (1) and (29), the integral form of the shear stress of the damper could be expressed as
By using the linear integral function of COMSOL, (30) could be established and solved. The relationship of current and shear stress of the two dampers is shown in Figure . As shown in Figure , when the current is 4 A, the shear stress of the two dampers is 1251.4 N and 1454.6 N, respectively. Through the above analysis, the MRF damper with magnetism-insulators has the advantages of lowering magnetic leakage and increasing shear stress of the damper. However, it also has the disadvantages of increasing the vicious stress, the length of piston yoke, and the difficulty of design and analysis of MRF dampers. Therefore, it is not advisable to add magnetism-insulators at both ends of the piston yoke.
Electromagnetic-Thermal Coupling Simulation of the MRF
Damper. The performance of MRF dampers is influenced by many factors; temperature is one of the main factors [39] . Few scholars had considered the problem of electromagnetic heating of the coil, when designing MRF dampers. The MRF damper proposed in this paper has the characteristics of compact structure, small volume, and high power density. Therefore, it is necessary to study the electromagnetic heat effect of the damper to ensure that the design method proposed in this paper could meet the practical application requirements. The electromagnetic-thermal coupling simulation of the damper is carried out by using the heat transfer module and the electromagnetic heat source coupling interface of COMSOL. During the simulation the ambient temperature is 20 ∘ C; the convection heat transfer coefficient of air is 5 W/(m 2 ⋅K) [40] . According to the above conditions and parameters in Table , the multiphysics simulation model of the damper is configured, and the temperature field of the damper with different currents is simulated. The heat distribution in the MRF damper under different currents is shown in Figures and . The maximum temperature under different control currents is shown in Figure . As can be seen from Figures and , the transient temperature field of the two MRF dampers presents an uneven gradient distribution and the highest temperature appears at the coil. By observing the current-temperature curves shown in Figure , it could be found that the temperatures of the two MRF dampers increase with the rising current and the temperature curves of the two MRF dampers almost overlap. When the current is 4 A, the maximum temperatures of the two MRF dampers are 70.71 ∘ C and 70.67 ∘ C, respectively. The maximum operating temperature of the main components is shown in Table . Shock and Vibration It can be seen from Table that the maximum working temperature of the damper is 130 ∘ C, which is much higher than temperature generated by the coil. Meanwhile, the current of the coil is determined by the control strategy and the characteristics of the vibration source, and the maximum current will not be maintained for a long time. The simulation results show that the coil could meet the heat dissipation requirements of the proposed MRF damper.
Experimental Setup
According to the structural parameters of the proposed MRF damper, two double-ended shear-valve mode MRF damper prototypes are fabricated in accordance with the characteristics of pipeline vibration. The testing system is shown in Figure . This testing system includes three main components: INSTRON-8801 test system, MRF damper prototype, and current controller. Sinusoidal wave is used as the excitation to get the displacement and velocity of the damper piston. The test machine was set at a sinusoidal loading with a displacement amplitude of 5 mm and frequency of 1 Hz, 2 Hz, 5 Hz, and 10 Hz, respectively. Meanwhile, The applied control currents range from 0 A to 4 A.
Results and Discussions
The damping force of the MRF damper under the different loading frequencies, different displacement amplitudes, and different currents are shown as follows.
From Figures -, it could be seen that the damping force of the proposed MRF damper is enhanced with the increasing current, initially at a faster rate and eventually at a slower rate. As the current increases from 0 A to 1.5 A, the damping force is significantly proportional to the increment of the current. When the current exceeds 1.5 A, as the current increases, the damping force slightly increases. When the current is 0 A, the uncontrollable damping force equals about 324 N, which is due to the viscous effect of the MRF and the friction force. In addition, when the applied current is 4 A, the maximum damping force is 1587 N, which denotes that the controllable force due to MR effect is about 1263 N and the dynamic range is 4.63. It is obvious that as the displacement and the velocity change, the damping force is slightly influenced under the same current, which implies that the damping force of the MRF damper is not critically dependent on the frequency and the velocity. simulated, and measured shear stress increase. It is clearly observed that the calculated and simulated shear stress are in comparative agreement with the measured shear stress, verifying the effectiveness of the constructed damping force model.
However, as shown in Figure , the experimental results are slightly larger than the simulation and the theoretical ones. The maximum deviation between the experimental value and the theoretical value is 75.1 N and 12.8 N between the experimental value and simulation value. It also could be found that when the current is greater than 3A, the theoretical value of shear stress tends to be constant, but the experimental value continues to increase with the increasing current. From Figure , it can be seen that an annular gap is formed by the coil and the cylinder wall, which is similar to the damping gap that formed by the yoke flange and the cylinder wall. As the current increases, the saturation in the magnetic circuit of the MRF damper is more significant and the magnetic field intensity in the annular gap increases, which leads to the enhancement of the shear stress. However, the damping force generated by the annular gap is neglected in the theoretical calculations, which caused the difference between theoretical value and measured value. Since the shear stress caused by the annular gap is taken into account in the simulation model, the simulation value of the damping force is closer to the actual value. 
Conclusions
In this paper, a double-ended and shear-valve mode MRF damper for pipeline vibration control application is designed, simulated, fabricated, and experimentally tested. The design concept for the proposed MRF damper was described in detail. Based on the proposed analytical method, calculations were performed concerning the principal characteristics of the MRF damper. The mathematical model of the proposed MRF damper was derived to predict damping performance, which could directly relate the shear stress to the control current. The principle of the proposed MRF damper is validated and the simulation of magnetic field and electromagneticthermal field is performed by FEA using COMSOL software. To reduce the magnetic leakage and improve the magnetic induction intensity in the damping gap, MRF damper with magnetism-insulators is proposed, simulated, and compared with the dampers without magnetism-insulators. In order to prove the analytical results, experimental tests are performed as well. The experimental maximum damping force and the dynamic range are 1587 N and 4.63, respectively, which are very close with the designed maximum damping force (1400 N) and the dynamic range (5) obtained in MRF damper design process. The experimental results validate the reasonableness and effectiveness of the theoretical analysis and the simulation model. The test results also indicate that the damping force of the MRF damper increases obviously with the rise of the control currents until magnetic saturation occurred, and the effect of displacement and velocity on the damping force is far smaller than the current.
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